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Abstract 
In France, the building sector is the main energy consumer. Moreover single-family houses represent about 60% of annual dwelling 
construction. Assessment of energy performance of occupied dwellings is therefore a very important task. The challenge is therefore to reduce 
the number of sensors, while keeping a sufficient robustness and precision of the information. In this paper we try to contribute to this field. 
The main idea is to use existing industrial sensors, and to limit their number with minimal loss of information. Experimental data are analyzed 
in order to quantify possible correlations between them. Strong correlation indicated that it is possible to reduce number of measurements. In 
the first part of the paper an experimental unoccupied house is analyzed. Then some measurements from real occupied dwelling are 
investigated. The results show a strong correlation between the air temperatures sensors in both cases. Here it is shown that the thermal 
behavior of rooms which are similar in terms of use, surface and orientation is correlated. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
Keywords:energy performance; limited number of sensors; ambient temperature 
1. Introduction 
1.1. Structure 
Nowadays, building sector is the largest energy consumer and CO2 emitter in the EU and it is responsible for 40–45% of the 
energy consumption in Europe and about 30–40% worldwide [1]. This makes buildings energy efficiency an important issue 
nowadays. The performance of a construction depends of course on its design but also its use. Continuous evaluation of this 
performance is therefore a major challenge. 
Assessing building energy performance is usually done by establishing performance indicators that can characterize the 
building, occupants and systems behavior, in different situations and seasons. To approach these performance indicators some 
physical quantities need to be measured. This need to know more about the real energy performance and the gaps between 
forecasts and actual behavior push to a continuous monitoring of energy performance. The energy consumption can be known 
posteriorly through energy bills but there is relatively limited information on domestic condition. In order to have a clear and  
complete view of the energy performance of the building, a large number of sensors should be implemented. This is not always 
possible for reasons of cost and acceptability. 
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The challenge is therefore to reduce the number of sensors, while keeping a sufficient robustness and precision of the 
information. A study focused on the determination of the minimum integration period and of the minimum set of variables 
necessary to carry out the analysis of full size building components tested in Mediterranean climate was made in [2]. The 
physical quantities measured were: air temperature; surface temperature; heat flux density; vertical global solar irradiance; 
vertical long wave radiation on the surface of the test component; wind speed and outdoor relative humidity. 
In this paper we try to contribute to this field. The main idea is to use existing industrial sensors, and to limit their number 
with minimal loss of information. As the quality of the indoor environment is very important when one wants to study the energy 
performance of a positive energy building, presented results focus on thermal comfort estimated by measurements of air or 
operative temperature. Experimental data are analyzed in order to quantify possible correlations between them. Indeed, strong 
correlation indicated that it is possible to reduce number of measurements. This paper first introduces the analytical method used. 
Then a description of the experimental house and of the results is presented. In the end the results achieved for a real dwelling are 
discussed. 
2. Methodology
2.1. Analytical method 
For this study, a measure of the degree of linear dependence between two variables X and Y, the Pearson product-moment 
correlation coefficient is used. This coefficient represents the covariance of the two variables divided by their standard 
deviations. When applied to a sample, the Pearson's correlation coefficient is commonly referred to as ‘correlation coefficient’
and it is represented by the letter r. The formula for r is:
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(1) where X , represents the mean of the X sample
This r coefficient can take values between -1 and 1 and can be interpreted as follows: if r is close to zero, there is no linear 
correlation between the two samples, if r is close to 1 there is a positive correlation and if r is close to -1 there is a negative 
correlation between the samples. 
The tool used here is a data visualization prototype able to use statistical analysis methods that will determine the balance 
sheets of different sensors. This Matlab interface was created by CEA in 2011. More information can be found in [3 and 4].
2.2. Experimental data 
The data were measured in an unoccupied experimental house called IDM, located on the experimental platform INCAS in
the South-East of France, at the National Institute of Solar Energy (INES). This low energy detached house has a good level of 
insulation (20 cm for walls and 40 cm for ceilings), active and passive solar shadings, and efficient energy recovery ventilation. 
An electric resistance of 1200 W is sufficient to heat the house to comfort temperature. More information about this building can 
be found in [5, 6 and 7].
2.3. Brief description of the sensors 
This house is equipped with a large number of sensors: air and wall temperature, humidity, flow meters, energy meters, full 
weather station, etc. with a continuous acquisition system (every minute). Regarding temperature, which is the focus of this 
study, it is measured at different locations: ambient air, external and internal surface and also inside the wall structure. The 
temperature sensors are located in the middle of the each room and of each surface, according to standard comfort heights: at 0.1 
m, 1.1 m, and 1.7 m (see Fig. 1). The following list summarizes the sensors used to measure the ambient temperature: 
x air temperature : Platinum thermoresistance, PT100, Class A: ± 0.35 ° C from -100 to 100 ° C
x surface temperature: T type thermocouple, Class 1: ± 0.5 ° C from -40 to 125 ° C
x black globe, only on the ground floor zone.
On the ground floor there is a large living area, including kitchen, living part and dining part, with windows oriented to the 
South. Regarding first floor, there are three bedrooms with a different orientation as following: room 1 is oriented to the North-
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West, room 2 to the South-West and room 3 is oriented on the South- East. Windows of bedrooms 2 and 3 are oriented to the 
South, and this of room 1 to the West. 
Fig. 1. IDM house: general view (left) and sensors placement on the ground floor (right). 
2.4. Selected approach 
A step-by-step methodology was used to quantify the correlations between different measurements of indoor temperature. 
First, temperatures measured within one room are analyzed. Then temperatures measured within one floor are analyzed, and 
finally the correlations between temperatures measured at different floors are evaluated.  
3. Results and discussions
3.1. Calculations of Pearson's correlation coefficient. 
One year of measurements (entire 2014) was included in the analysis. This data set was divided into 12 sets representing one 
moth of records each, used as the basis of the analysis. An example of temperature measurement during March is shown in Fig 2
(left). The statistical tool applied to these measurements gives correlations results, presented in Fig 2 (right). Graphical 
representation of the correlation illustrates the dispersion between values. Indeed, correlation coefficient higher than 0.99 
corresponds to almost perfect line, while the plot for r=0.96331 shows higher dispersion. The correlation coefficient for each pair 
of measurements is computed. Due to the limited space, mainly the mean monthly values of correlation coefficients are presented 
in the following: 
Fig. 2. March, first floor: Temperature measurements (left), Correlation between air and wall temperatures (right). 
3.2. Correlations between sensors situated within one room 
Here, correlations between wall surface and air temperatures within one room are of interest. Upper part of Fig 3 (a and b) 
shows monthly averaged values of correlation coefficients. At both, ground and first floors, a strong correlation between air and 
wall surface temperature is shown. In all cases the correlation coefficients are higher than 0.85 for the first floor, and than 0.7 for 
living room. In all rooms, the correlation coefficient is higher than 0.9 during 9 months. The months with somehow weaker 
correlation coefficients are: February, August and October. No heating was used during February, which can explain more 
complex behavior of a free-floating temperature, which is only locally affected by solar radiation.
Room 1, oriented west
Room 2, oriented south- west
Room 3, oriented south- east
Black globe sensor
Air temperature sensor
r=0.99689
r=0.96331
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Fig. 3.c. presents the temperatures recorded in room 3 during February and here effect of the global radiation which causes a 
discontinuous variation of the air temperature can be seen. Wall temperature is not directly affected and shows slower variations 
for this month (see Fig. 3.c.). However, in July, (see Fig. 3.d.) both temperatures are in very good correlation and the differences 
do not exceed 1 °C. 
Fig. 3. Correlation coefficient between air and wall temperature sensors for entire year 2014: (a) ground floor; (b) first floor. Air and wall temperature evolution 
in room 3: (c) February (d) July; 
3.3. Correlations between measurements within one floor 
The second part of this analysis was to look for correlations between the air and operative (black globe) temperature 
measurements in different rooms at the same floor. Fig. 4 shows that all sensors situated within the large living space are strongly 
correlated (r>0.9). Indeed, all are located within the same large room with well mixed air. Also the windows are evenly 
distributed in the same living room so the effect of direct sunlight is spread evenly. 
Fig. 4. Correlation coefficient between air temperature measurements, ground floor (left), first floor (right) 
The air temperatures measurements situated in the bedrooms on the first floor are also strongly correlated. The only exception 
is in February and in October. Also it can be seen that correlation coefficients between the air temperature measurements in room 
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r
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2 and room 3 are close to 1(see Fig. 4 right). This can be explained by the fact that the windows in both rooms have the same 
orientation.  
3.4. Correlations between inter-floor measurement 
The final step was to study correlations between all the air temperature measurements placed all around the ground and first 
floors. Results for room 1 vs. living space are presented in Fig 5 left, and for room 3 vs. living space in Fig 5 right. Air 
temperature measurements situated in room 1 are not so well correlated with the ones situated on the ground floor. This is mainly 
due to different solar gains (different orientation and different type of windows). On the opposite, the air temperature 
measurements in room 3 are strongly correlated to the ones on the ground floor, with correlation coefficients higher than 0.85 
(see Fig. 5 right). 
Fig. 5.Correlations between air temperature sensors IDM house, (a) room 1 and ground floor. (b) room3 and ground floor. 
After investigations of linear correlation, the next step is to analyze the real behavior of these measurements. This is to look 
for the differences between the real measurements of these sensors. The absolute difference was calculated for each minute of 
each month for all the ‘wall to air’ and ‘air to air’ temperature measurements. After this, the mean value was calculated for each 
month. Table 1 shows the results for the 3 bedrooms. The mean differences between all the temperatures for each month are 
always less than 1°C. This is the confirmation of strong correlations between these temperature measurements. 
Table 1. Mean absolute value of differences between different measurements situated on the first floor for the entire year 2014. 
Month/Sensors air1_wall1[°C] air2_wall2[°C] air3_wall3[°C] air1_air2[°C] air1_air3[°C] air2_air3[°C]
January 0,655 0,624 0,733 0,356 0,451 0,227
February 0,709 0,495 0,623 0,216 0,360 0,473
March 0,674 0,615 0,801 0,214 0,405 0,558
April 0,627 0,496 0,515 0,197 0,250 0,237
May 0,648 0,502 0,534 0,214 0,323 0,142
June 0,595 0,499 0,612 0,206 0,215 0,067
July 0,568 0,362 0,444 0,057 0,072 0,061
August 0,618 0,400 0,476 0,220 0,196 0,172
September 0,634 0,560 0,650 0,343 0,395 0,116
October 0,753 0,667 0,679 0,552 0,819 0,336
November 0,705 0,463 0,576 0,212 0,316 0,162
December 0,686 0,510 0,623 0,195 0,391 0,305
4. Test on an occupied house
4.1. Brief description of the house 
The second case study was an occupied building. This house is about 168 m2 and is occupied by five persons, including a 
baby. Walls are timber-framed with cellulose filling and highly insulated windows. A granulated wood boiler situated on the 
ground floor can heat the entire house but there is also a small heater in an upstairs bathroom. The main focus here is the ambient 
temperature on the first floor bedrooms. Here there are two children’s bedrooms that have the same orientation and the same 
surface and the parents’ room which is oriented differently, facing North (see Fig. 6.). 
month month
r r
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Fig. 6. 3D representation of the occupied real house. 
4.2. Results 
The same method was used here, except that for this house the focus was only on air temperature measurements. Air 
temperature sensors are located along the wall, at 1 m height. Fig. 7 shows monthly averaged correlation coefficients. 
Temperature measurements in the children’s rooms are strongly correlated together (r>0.9 for 10 months), but not with the 
parents’ room. It illustrated the effect of internal gains, which are different between two adults and one child, and of the working
program of each occupant (parents versus children), as well as the difference of orientation between the three rooms. 
Fig. 7. Correlation coefficient between air temperature measurements situated in an occupied real house 
5. Conclusion
This study showed that indeed the number of sensors can be limited when one deals with ambient temperature sensors. The
first part of this study validated the fact that the thermal behavior of similar rooms in terms of use, orientation, and surface is 
correlated. It could also be verified here than in a non-occupied house we find strong linear correlations between temperature 
measurements of rooms situated at different levels but having the same orientation. Regarding the real single family house the 
internal gains, the working program of each occupant make correlation coefficients to be lower. However, the thermal behavior 
of rooms similar in terms of use: children rooms in this case, with similar surface and orientation, is also correlated. Therefore for 
these two types of rooms the choice of the reduction of the number of sensors seems valid. Moreover the measurements close to 
wall surface are strongly correlated to air temperature measurements. This has a practical application: in occupied houses it is 
almost impossible to place the sensors in the middle of the room while locations close to the wall are possible. Validity of this 
procedure was confirmed by our study.  
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